[1] The penetration of magnetospheric electric fields to the magnetic equator has been investigated for two intense magnetic storms that occurred on 31 March 2001 and 6 November 2001. The digital ground magnetic data from equatorial station Tirunelveli (TIR, 0.17°S geomagnetic latitude (GML)) and low-latitude station Alibag (ABG, 10.17°N GML) have been used to identify the storm time electrojet index, EEJ(Dis), which is the difference of the magnetic field variations between TIR and ABG after removing the quiet day variations. The appearance of enhanced DP 2 currents and counterelectrojets (CEJ) during the main and recovery phases of the magnetic storms is possibly due to prompt penetration of electric fields from the high latitudes. These signatures can be interpreted as a clear indicator of the eastward and westward electric fields at the equator. The observed results suggest that the magnitude of the equatorial ionospheric currents driven by the penetrating electric fields is very sensitive to ionospheric conductivity (which depends on local time). Moreover, the intensity of the DP 2 currents started decreasing during the end of the main phase of the storm despite the large negative southward IMF Bz, indicating the dominance of a well-developed shielding electric field for 1 h. As an effect of penetrating electric fields at the equator, the equatorial ionization anomaly is enhanced during the main phase (because of strong eastward electric field) and is inhibited or reduced due to the strong CEJ (because of westward electric field) during the recovery phase.
Introduction
[2] It is well known that the two-cell convection (DP 2 currents) in the high latitudes driven by a reconnection process [e.g., Dungey, 1961] between the Earth's magnetic field and southward interplanetary magnetic field (IMF) manifests negative and positive geomagnetic field variations in the morning and afternoon sectors, respectively. The geomagnetic field variations from high latitudes to the equator associated with the quasiperiodic DP 2 currents have one-to-one correspondence with the IMF variations [Nishida et al., 1966; Nishida, 1968] . Kikuchi et al. [1996] demonstrated that the large-scale convection electric fields that drive the DP 2 currents accompanied with region 1 (R1) field-aligned currents (FACs) can instantaneously penetrate from high latitudes to the equator by means of the zerothorder transverse magnetic (TM 0 ) mode waves in the Earth's ionosphere waveguide. The TM 0 mode propagates in the waveguide at the speed of light, accompanying electric currents in the conducting ionosphere [Kikuchi et al., 1978; Kikuchi and Araki, 1979] . Wilson et al. [2001] pointed out that enhanced DP 2 currents were observed in the middle latitudes during a major geomagnetic storm, at the same time that a strong convection electric field was detected by the CRRES satellite, located in the equatorial region of the inner magnetosphere (L < 5). They also suggested that the storm time electric field is attributed to the development of ring current in the inner magnetosphere. In addition to the manifestation of DP 2 currents in the ionosphere, the enhanced convection electric field produces a partial ring current with strong dawn-dusk asymmetry in the inner magnetosphere. The partial ring current generates region 2 (R2) FACs and shielding electric field with an opposite direction to the convection electric field in the inner magnetosphere through some magnetosphere-ionosphere coupling processes [Vasyliunas, 1972; Jaggi and Wolf, 1973; Southwood, 1977; Senior and Blanc, 1984] . The shielding effect due to the dusk-to-dawn electric field persists for about 17-30 min as estimated by models [Senior and Blanc, 1984; Peymirat et al., 2000] and magnetometer observations during substorms [Somayajulu et al., 1987; Kikuchi et al., 2000] . In the case when the R1 FACs and dawn-to-dusk electric field abruptly decrease because of the northward turning of the IMF, the dusk-to-dawn electric field is dominant in the inner magnetosphere . This condition is called overshielding. The overshielding condition is determined by the competition between the R1 and R2 FACs with strong dependence on the IMF direction [Rastogi and Patel, 1975; Gonzales et al., 1979; . The overshielding electric field also penetrates to the equator and produces negative variations of geomagnetic field at the daytime equator as counterelectrojets (CEJ) [Kikuchi et al., 2008] . Reddy et al. [1979 Reddy et al. [ , 1981 detected a westward electric field caused by CEJ in the daytime equatorial ionosphere with VHF backscatter radar during a geomagnetic storm.
[3] Huang et al. [2005] suggested that the penetration of convection electric field to low latitudes persists for 2-3 h without the shielding during the main phase using Millstone Hill and Jicamarca incoherent scatter radar data. On the other hand, Kikuchi et al. [2008] pointed out that the convection electric field can be depressed from the middle latitudes to the equator during the late main phase when the shielding electric field significantly grows because of the development of the ring current in the inner magnetosphere. Furthermore, during the recovery phase caused by the reduction of southward IMF or northward turning IMF, the reversed electric field appears with a significant intensity of 2-3 mV/m in the inner magnetosphere [Wygant et al., 1998 ], and at the same time significant reduction of the H component occurs at the equatorial region because of enhanced CEJ [Rastogi, 2004; Kikuchi et al., 2008] associated with overshielding condition . However, the other important ionospheric disturbance dynamo electric fields, with time scales from a few to several hours, are driven by enhanced energy deposition into the highlatitude ionosphere [Blanc and Richmond, 1980] . The relatively fast (occurring about 2-3 h after major increase in convection) disturbance dynamo electric fields are probably due to dynamo action of fast traveling equatorward wind surges, and slow disturbances (occurring about 3-12 h later) are believed to be driven mostly by electrodynamic action of storm time enhanced winds [Fejer et al., 2007, and references therein] . But their large spatial and temporal variability still remains unsolved [Fejer, 2002 and references therein] . But the time interval discussed in this paper is prior to the effect of the disturbance dynamo. The prompt penetration of the convection electric fields from high latitudes to equatorial latitudes during geomagnetic disturbances causes the F region plasma modifications and uplift of the ionosphere during daytime/nighttime with correspondence to the eastward and westward electric fields [Tsurutani et al., 2004] . On the other hand, at low latitudes, the ionospheric positive storm phase during daytime was driven by enhanced meridional wind rather than the penetration of electric field [Lu et al., 2008] . But a strong daytime eastward penetration electric field can strengthen the equatorial plasma fountain [e.g., Hanson and Moffett, 1966 ] to a super plasma fountain (which is a strong enhancement of the equatorial ionization anomaly (EIA)), which, in turn, can lead to strong positive ionospheric storms at low latitudes and midlatitudes [Kelley et al., 2004] . Recently, the precondition of a super plasma fountain and evaluation of its effect on EIA have been studied using an ionospheric model [Balan et al., 2009] .
[4] The well-developed theoretical and model explanations of penetrating convection electric fields to the low latitudes and at the equator during intense geomagnetic storms have led to a substantial understanding, but there remain several unanswered questions: (1) How does the temporal and spatial variation of the penetrating electric fields last for an unexpectedly long lifetime under the overshielding condition [Fejer, 2002; Huang et al., 2005] ? (2) How does the delay time between the DP 2 currents and the development of ring current during the onset time of geomagnetic storms depend [Kikuchi et al., 2008] ? (3) What are the major roles of convection and overshielding electric fields on ionospheric dynamics, such as super plasma fountain effect and the formation of the EIA? Because of the lack of simultaneous observations of vertical electric field drifts from radar measurements and geomagnetic field observations from low and equatorial latitudes, the above problems have not been resolved so far. Also, penetrating electric fields during different local times other than noon and night are not well understood [Tsurutani et al., 2008] . In this paper, an attempt is made to answer these questions by investigating temporal and spatial variations of the penetrating electric fields, equatorial DP 2 currents, and CEJ and associated changes in the ionospheric plasma at low latitudes and the equator during two intense magnetic storms. In particular, daytime F region ionospheric plasma response to strong eastward and westward electric fields is examined using ground geomagnetic field and ionosonde observations. The TIR station is convenient to monitor the equatorial electrojet (EEJ), while the ABG is located outside its influence. The simultaneous data obtained from these two stations are thus well suited for estimating the strength of the equatorial electrojet, particularly during the storm time conditions when the ground level magnetic variations receive contributions not only from the overhead currents in the ionospheric dynamo region but also from distant currents from magnetospheric sources. The geomagnetic field data obtained from ABG are used as a reference for calculation of equatorial DP 2 since it is located outside the equatorial electrojet and far from the high-latitude geomagnetic disturbances. However, wind-driven currents can also be an important factor in changing the magnitude of EEJ and CEJ, which is well explained using simulations with NCAR Thermosphere-Ionosphere-Electrodynamics-General Circulation Model (TIE-GCM) by Fang et al. [2008] . The EEJ (Dis) index does not provide the information on storm time winds. To study the ionospheric F region response to the penetrating electric fields during the geomagnetic storms, the ionosonde data with time resolution of 15 min are used from the equatorial station Trivandrum (TRD, geographic latitude 8.48°N, geographic longitude 76.95°E; 0.31°S GML) and the near-equatorial station Vishakapatnam (VSK, geographic latitude 17.68°N, geographic longitude 83.32°E; 8.34°N GML). The data obtained from the low latitude stations at Ahmedabad (AHD, geographic latitude 23.03°N, geographic longitude 72.58°E; 14.01°N GML) and Delhi (DEL, geographic latitude 28.3°N, geographic longitude 77.01°E; 19.02°N GML), which are located almost at the crest of EIA, are also used in the present study. The solar wind and other interplanetary parameters are obtained from the Advanced Composition Explorer (ACE) spacecraft, positioned at about 224 R E . The SYM-H, AU, and AL indices, which are good indicators of geomagnetic activity, are used to identify the maximum auroral eastward and westward electrojet currents associated with the enhanced twocell convection, respectively. These geomagnetic indices are provided by the World Data Center, Kyoto, Japan. The polar cap potential index (PCN) is used to estimate the polar cap potential drop conditions during the magnetic storm period, which is taken from polar cap station Thule (THL, 85.22°corrected geomagnetic latitude (CGML)). The equatorial storm time electrojet index [Alex et al., 1986] represented by EEJ(Dis) is calculated by the difference between DHsd (TIR) and DHsd (ABG), where DHsd refers to the difference between DH (storm day) and DH (quiet day) for each location. The baseline of DH corresponds to the nighttime value of the H component. We assume that the geomagnetic field variations in DH at ABG mainly consist of the effects of ring currents flowing in the inner magnetosphere. Since the DP 2 currents at low latitudes are smaller than those at the equator, EEJ(Dis) provides us a proxy index for electric field variations at the altitude of the ionosphere during the main and recovery phases of geomagnetic storms [Veenadhari and Alex, 2006] .
Data

Observations and Results
Geomagnetic Storm on 31 March 2001
[6] Figure 1 shows an overview of the ground geomagnetic variations in DH from ABG and TIR, SYM-H, and AU and AL indices, along with IMF Bz, solar wind velocity, and proton density during the intense geomagnetic storm of 31 March 2001. The time interval is 2.5 days from 30 March 1200 UT to the end of 1 April. Furthermore, the solar wind and IMF data were time-shifted by around 30 min on the basis of the comparison between geomagnetic field and IMF signatures. This geomagnetic storm is classified into one of the most intense magnetic storms of solar cycle 23. The large halo coronal mass ejection (CME) with X1.7 X-ray flare in the AR 9393 region occurred at 1015 UT on 29 March and led to the high-speed solar wind and strong southward IMF that are believed to be responsible for this storm [Srivastava and Venkatakrishnan, 2002] . This led to a shock at the Earth's magnetosphere, starting at about 0014 UT on 31 March 2001, after 38 h. The first shock passed through the ACE position at ∼0022 UT on 31 March 2001. The sudden commencement (SC) occurred at 0051 UT on 31 March 2001 with maximum amplitudes of 96.4 nT and 149.8 nT at TIR and ABG, respectively. About 3 h after the arrival of the solar wind shock, the IMF gradually turned from northward to southward with the large intensity. The first long duration of the northward IMF led to the long initial phase of the geomagnetic storm after SC. The CME induced a very strong and prolonged period of southward IMF (Bz), reaching to less than −30 nT intermittently over a period of nearly 4 h from SC and reaching a minimum of nearly −50 nT at ∼0630 UT. The strong southward IMF with a value of less than −30 nT, over a period of nearly 4 h, triggered very strong magnetospheric convection in the magnetosphere and the intense geomagnetic storm reaching a maximum of SYM-H ≈ −435 nT and also maximum decreases of the DH of TIR and ABG are about −500 nT and −350 nT, respectively, during the main phase. The southward IMF Bz caused the development of ring current in the inner magnetosphere, indicating a negative excursion of the SYM-H index in a period from 0400 to 0800 UT, together with the large enhancement of the DH value at the daytime dip equator. The DH enhancement clearly suggests that the strong convection electric fields that lead to the eastward currents penetrate to the equatorial ionosphere in this period. On the other hand, the northward turning of the IMF causes the development of ring current to cease and leads to a larger depression of the DH value of TIR, compared with that of ABG. The significant depression of the DH value at the daytime dip equator clearly indicates that the reversed convection electric fields that lead to the westward currents penetrate to the equatorial ionosphere in this period. AU and AL show substorm signatures at 1600 UT during the later recovery phase of the magnetic storm on 31 March 2001. The local time at Indian stations is 0530 h ahead of UT.
[7] Figure 2 depicts a close-up view of 12 h of the data on 31 March, which shows the solar wind dynamic pressure (Psw), IMF Bz, PCN index, calculated EEJ(Dis), and SYM-H index. At the time of SC, the dynamic pressure reached about 100 nPa, which is very high. After 0300 UT, the IMF Bz turned southward with a large amplitude of −45 nT and produced an extremely strong convection electric field in the inner magnetosphere during the main phase of the geomagnetic storm. This strong convection and the positive EEJ(Dis) seem to persist until the southward IMF Bz starts to decrease (∼0700 UT). Here we focus on the two time intervals of 0230-0700 UT and 0700-0930 UT (which are marked by the thick vertical lines) in EEJ(Dis), which suggests the penetration of the two strong electric fields corresponding to the origin of the R1 and R2 FACs during the main and recovery phases of the geomagnetic storm, respectively. During the first interval, 0230-0700 UT (0800-1230 LT), the solar wind dynamic pressure shows large amplitude perturbations with an average magnitude of more than 20 nPa and IMF Bz also indicates a large oscillation in a range from 40 nT to −40 nT. These oscillations seem to manifest the fluctuations of the DP 2 currents originating from the R1 FACs. However, the time scale of the EEJ(Dis) fluctuations with magnitude of more than 180 nT does not match well with that of the IMF Bz variations. This implies that the DP 2 currents have a significant effect on the time variations of solar wind dynamic pressure and are also well correlated with the PCN index, which reflected as the strength of global convection. In the same period, a large enhancement of polar cap potential enhancement, identified from the DMSP-F13 satellite observations [Hairston et al., 2003] , takes place that leads to an intensification of the penetrating electric field for a longer period, in particular for 0400-0700 UT, as seen in the equatorial DP 2 currents (Figure 2) . The second interval, 0700-0930 UT (1230-1500 LT), starts with the decrease of southward IMF Bz that led to the reversed convection electric field at the daytime equator as suggested by the CEJ occurrence at the beginning of the recovery phase. But at 0700 UT, EEJ(Dis) started to decrease, though IMF Bz is still southward, which shows that the shielding electric field is effective during the main phase and this condition persists for 1 h. Concurrently, the PCN drop exactly matches with decrease of EEJ(Dis) indicating the reduction of convection electric field. The appearance of CEJ with amplitude of ∼−200 nT at local noon indicates the westward electric field at the equator that probably originated from R2 FACs. By examining the two intervals, the storm time EEJ(Dis) variations imply that the dawn-to-dusk and dusk-to-dawn electric fields play a dominant role in driving the eastward and westward electrojet during the main and recovery phases of the geomagnetic storm, respectively. 
Geomagnetic Storm on 6 November 2001
[8] Figure 3 presents the second intense magnetic storm event on 6 November 2001 in the same format as in Figure 1 , and IMF data (Bz) are time-shifted about 35 min. This storm was driven by the CME phenomena generated by major solar flare eruption at 1620 UT on 4 November 2001. The solar flare caused a strong solar radiation storm and proton event. After about 33 h, the interplanetary shock associated with the CME impacted the Earth's magnetosphere. Because of the arrival of the interplanetary shock, the SC phenomenon is seen in low and equatorial magnetograms at 0150 UT on 6 November. Although the ACE and Wind satellite data were not available, SOHO/CELIAS could detect the impact shock and reported a steep increase in velocity from 450 to 720 km/s at 0115 UT on 6 November 2001, and the compressional effect of this shock was seen as a two-step density enhancement at 0115 and 0155 UT [Alex et al., 2005] . Before the onset of SC, the DH of TIR and ABG are in the negative because of development of ring current (negative SYM-H) with southward IMF Bz, indicating the disturbed conditions of a proton event that are noted in AU and AL indices during the night of 5 November. After the onset of SC, the main phase started immediately, and the ring current is abruptly enhanced because of the strong IMF Bz of −70 nT. During the main phase, the DH plots of TIR and ABG show a steep decrease of −384 nT at around 0400 UT (0930 LT) and −295 nT at around 0300 UT (0830 LT), respectively. The excess decrease in the DH value of TIR as compared with SYM-H indicates a clear signature of ionospheric DP 2 currents superposed on the ring current effects that appear dominantly at ABG. The negative value of the AU index at 0300 UT on 6 November indicates the equatorward expansion of auroral oval due to enhanced convection because of large southward IMF.
[9] Figure 4 presents a close-up view of the 6 November magnetic storm in the same format as Figure 3 without the solar wind dynamic pressure because of nonavailability of data. We focus on two intervals (marked by thick vertical lines), 0200-0330 UT and 0330-0610 UT, which clearly indicate the changes in electric fields. The daytime variations of DP 2 currents are clearly seen in EEJ(Dis) with a large amplitude of 97 nT at around 0310 UT (0840 LT), which coincides with the maximum southward IMF Bz with a value of −78 nT. In this case, the magnitude of EEJ(Dis) is smaller than that of the previous storm event in spite of strong southward IMF Bz. The amplitude difference of EEJ(Dis) between two storm events (mentioned in this study) indicates a local time dependence of the EEJ(Dis) strength. The TIR station was located around noon for the March 31 storm event, while the station was located in the morning sector of 0830 LT with insufficient ionospheric conductivity for this event. On the other hand, associated with the start of the reduction of the southward IMF Bz intensity, the EEJ(Dis) variations show an abruptly negative excursion with a peak magnitude of −150 nT around 0410 UT (0940 LT). This signature indicates an appearance of CEJ driven by the westward electric field originating from the R2 FACs despite the southward IMF Bz with magnitude of −40 nT. The occurrence of CEJ, during the period 0330-0610 UT (0900-1140 LT), corresponds to the reduction of southward IMF Bz intensity (second interval, marked by thick vertical lines). In between this second interval, CEJ starts to recover (or decrease) with increase of southward IMF Bz at 0445 UT and again strengthen after 0515 UT with northward turning of IMF Bz. After 0310 UT, the abrupt decrease of EEJ(Dis) exactly coincides with the decrease of polar cap potential index (PCN) during the main phase, in spite of IMF Bz southward, which indicates the dominance of shielding electric field due to R2 FACs, and this situation persists for 1 h. Therefore, a significant overshielding effect tends to appear in the case of the reduction of the convection electric field originating from the R1 FACs. Therefore, when the R1 FACs and polar cap potential decreased considerably, CEJ tends to appear at the daytime equator. The overshielding effect persists for 3 h at the beginning of recovery phase.
Equatorial and Low-Latitude Ionospheric Response to Geomagnetic Storms
[10]
In this section, we analyze ionosonde data from a chain of the Indian stations to examine how the low-latitude and equatorial F region plasmas respond to the enhanced EEJ/CEJ conditions due to the penetrating electric fields. We also try to explore possible reasons for the enhancement/ inhibition of EIA. Figure 5 shows the response of the ionospheric F region plasmas in the equatorial and low-latitude regions during the geomagnetic storm on 31 March 2001 for the time interval 0000-1800 LT. The first through fourth panels of Figure 5 give a comparison of ionospheric parameters of the F region, f o F 2 (maximum critical frequency) and h′F (minimum virtual height), at Delhi and Vishakahapatnam (VSK) between the quiet and storm periods indicated by the blue and red lines, respectively. In the present analysis, we used the averaged values for 5 quiet days obtained from VSK and Delhi shown by blue lines. The EEJ(Dis) data are averaged for 15 min to agree with the time resolution of the ionospheric data. In Figure 5 (fifth panel), it is shown that the two time intervals of 0230-0700 UT (0800-1230 LT) and 0700-0930 UT (1230-1500 LT) (marked by vertical dashed lines) represent strong enhancements in EEJ and CEJ (as in Figure 2 ), respectively. The f o F 2 value at the equatorial station VSK shows a large decrease from the quiet value of about 14 MHz to about 6.5 MHz after a significant enhancement of the EEJ(Dis) (1000-1200 LT). The low-latitude station Delhi shows no significant simultaneous change in f o F 2 compared with the quiet time level, indicating that the crest of the strong EIA might have formed beyond the latitude of Delhi. The second interval (1230-1500 LT) represents the strong CEJ, during this period the f o F 2 started to increase at VSK as the effect of reversed electric field, i.e., westward electric field. It should be noted that although there is not much change in the h′F value, the height of h m F 2 (maximum height of the F 2 layer) rises about 150 km compared with quiet day at VSK (K. Niranjan, private communication, 2008) and almost no change of h m F 2 in Delhi. The depletion of f o F 2 at VSK and rise of f o F 2 at Delhi could be due to a strong EIA enhancement associated with a super plasma fountain effect. Therefore, the plasma depletion can be extended to away from equator due to the above physical processes. The F region response in the second interval shows a sudden increase in f o F 2 by about 8 MHz at VSK and a drop of 2 MHz at Delhi, which seems to indicate a reduction or inhibition of equatorial ionization anomaly (EIA), corresponding to an appearance of strong CEJ, i.e., westward electric field in the daytime equator.
[11] Similarly, the ionospheric F region response during the intense magnetic storm on 6 November 2001 is presented in Figure 6 using the ionosonde data from a chain of stations distributed from the dip equator to low latitudes. The time interval is 2 days from 5-6 November 2001. The normal EEJ strength of about 70 nT is noted on 5 November with well developed EIA. The f o F 2 shows a considerable difference from the equator to low-latitude stations with Figure 6 . Low-latitude ionospheric F region response to the severe magnetic storm of 6 November 2001. During the recovery phase, at local noon, the strong CEJ due to westward electric fields at the equator altered the critical frequencies at all the stations. The inhibition of EIA is clearly seen on 6 November as compared to normal EIA on 5 November due to the effect of CEJ. The time interval is given in LT, and the corresponding UT is also shown on the X axis. lowest f o F 2 at 1300 LT (9.5 MHz) at TRD, high f o F 2 at VSK (13.5 MHz), and highest f o F 2 at Delhi (17.6 MHz) on 5 November, indicating a well-developed noontime EIA as plasma moves from the equator to low latitudes. Compared with the quiet day on 5 November 2001, f o F 2 undergoes significant changes during the storm day on 6 November. The diurnal profile of the electrojet strength showed a considerable distortion due to noontime strong CEJ on 6 November because of reversed electric fields. Although the large enhancement of EEJ strength with 70 nT at 0730 LT (6 November) associated with the strong southward IMF Bz indicates the penetration of a strong eastward electric field (Figure 6 ), there was a time delay between the EEJ enhancement and the formation of ionization anomaly, and 0730 LT is too early for the development of EIA. But the plasma distribution is completely altered by the effect of strong CEJ (∼−150 nT) due to westward electric fields for the period 0900-1400 LT. This condition continued for 4 h with associated changes in IMF Bz. On 6 November at 1000 LT, the increase in the f o F 2 values for TRD (4 MHz), and VSK (2.5 MHz) and the decrease in the f o F 2 value at Delhi (3 MHz) compared with that of 5 November values indicate the poor development of EIA (as plasma is not transported from equator to low latitudes) with a small change in h′F but a 200 km (not shown) rise in h m F 2 at TRD and 65 km at Delhi (K. Niranjan, private communication, 2008) . It is also observed that there is no large difference in f o F 2 values at all three stations during noontime on 6 November because of a large CEJ interval. These results clearly confirm the reduction or inhibition of EIA due to the strong CEJ during the local noontime, and the plasma response time being less than 30 min in response to ionospheric electric fields.
Discussion
[12] We have observed that amplitude enhancements of DP 2 currents and strong CEJ due to enhancement of eastward/westward electric fields during the main and recovery phases of the magnetic storm are possibly due to prompt penetration of electric fields from high latitudes. In this section, we will discuss the character of enhancement of convection electric fields and their implications on the equatorial and low-latitude ionosphere. The equatorial DP 2 current system, which is driven by the convection electric field originating from the polar region, expanded instantaneously to the equatorial latitudes because of the arrival of strong southward IMF Bz during the main phase of the geomagnetic storms, as suggested by Kikuchi et al. [2008] . The DP 2 currents driven by the eastward electric field were more effective on the equatorial ionosphere in the dusk sector than those in the daytime sector [Abdu et al., 1998 ]. However, during the main phase of the geomagnetic storm on 31 March 2001, the eastward electric field was enhanced significantly in the entire region from morning to noon sectors, i.e., during 0330-0700 UT (0900-1230 LT) (Figure 2) . Simultaneously, the polar cap potential drop reached up to 350 kV, on the basis of the model calculations and also the DMSP-F13 satellite observations [Hairston et al., 2003] . Therefore, the strong convection electric fields and R1 FACs generated because of the southward IMF Bz (−30 to −46 nT) lead to an intensification of the DP 2 current system connected to the equatorial Pedersen currents, which produce a large amplitude of EEJ(Dis) reaching up to 200 nT at the daytime equator (Figure 2) . A few minutes after the increase of PCP and DP 2 currents due to the southward turning of IMF Bz, the asymmetric ring current develops in the inner magnetosphere, which leads to a large depression of geomagnetic field on the ground [Hashimoto et al., 2002] . The increase in EEJ(Dis) with simultaneous increase of PCN is in very good agreement with the results of Kikuchi et al. [2008] . The decrease in TIR-ABG variation (Figure 1 ) may be due to overshielding that was led by reduction of the R1 field-aligned currents. For the same event, the disturbance dynamo was not dominant during the large enhancement of eastward electric field in the daytime sector as reported by Maruyama et al. [2005] using RCM and CTIP models.
[13] At the onset of the recovery phase associated with the decrease of southward IMF Bz at 0700 UT (Figure 2) , the dawn-to-dusk electric field and R1 FACs suddenly weaken within a few minutes, and the dusk-to-dawn electric field originating from R2 FACs is dominant in the middle and equatorial ionosphere (the so-called overshielding state). The penetration of the dusk-to-dawn electric field to the equator led to the strong CEJ with the amplitude of −200 nT in the daytime sector (Figure 2 ). This condition persisted for 2 h up to 0930 UT. During the main phase, it is noticed that when the convection electric field started to decrease despite the southward IMF Bz condition, the shielding electric field penetrated to the equator for 1 h (0700-0800 UT). After that, the IMF Bz changes to northward and the electric field reversed with a larger amplitude from eastward to westward direction at the daytime equator because of the dominating shielding effect , and a sudden change in the polar cap potential could produce this dramatic change in the direction of equatorial electric fields . Kikuchi et al. [2003] observed CEJ at the afternoon dip equator during the recovery phase of the substorm and attributed it to fully developed R2 FACs, when R1 FACs decrease suddenly with an abrupt decrease of PCP [Kikuchi et al., 2000] .
[14] Also, in the case of the 6 November magnetic storm (Figure 4) , a remarkable enhancement of the EEJ(Dis) at 0200-0330 UT (0730-0900 LT) during the main phase is consistent with the results of Kikuchi et al. [2008] and Huang et al. [2005] . This magnetic storm has been investigated using the equatorial station Yap (YAP, −0.3°GML) and the low-latitude station Okinawa (OKI, 14.47°GML) from Japan's sector, and it has been shown that the strong EEJ (YAP-OKI) enhancement with an amplitude of 250 nT is observed at 0200 UT (1100 LT) and CEJ with a minimum value of −170 nT at 0430 UT (1330 LT) [Kikuchi et al., 2008] . However, in spite of the large southward IMF Bz (−78 nT) period, the maximum amplitude (70 nT) of EEJ (Dis) during the interval of 0200-0330 UT is much smaller than that reported by Kikuchi et al. [2008] , and the difference between the amplitude enhancements of EEJ and CEJ in both sectors seems to be due to the longitudinal dependence of ionospheric conductivity (varies with local time) [Tsunomura, 1999] . However, in this study, it is shown that the second CEJ was most enhanced with a maximum amplitude of −193 nT at 0610 UT (1140 LT), although the CEJ amplitude in the Japan sector was less than half of the amplitude observed in the Indian sector. It is also noted that the strong one-to-one correlation between EEJ(Dis) and IMF Bz (Figure 4 ) implies the dominance of penetrating electric fields rather than the disturbance dynamo. Furthermore, the enhanced shielding electric field tended to appear in the daytime sector at the equator with correspondence to the weakness of the southward IMF Bz or northward turning of the IMF Bz. This signature of the CEJ appearance indicates that the shielding electric field originating from the R2 FACs tends to be more dominant when the convection electric field originating from the R1 FACs suddenly weakens, which is associated with an abrupt decrease of the magnitude of the southward IMF Bz. These facts support the results of previous theories [Senior and Blanc, 1984; Peymirat et al., 2000] and empirical models [Fejer and Scherliess, 1995; Fejer et al., 2007] , but we need to take into account the local time dependence of the ionospheric conditions.
[15] Huang et al. [2005] showed the long duration of penetrating electric fields to the low-latitude ionosphere without the significant effects of the shielding electric field during the main phase of the geomagnetic storms under the condition that the IMF Bz remains in the southward direction for a long time, from 2 to 4 hours, by analyzing a few magnetic storm with Dst between −50 and −100 nT. However, the present analysis shows that the amplitude of the EEJ(Dis) produced by the dawn-to-dusk electric field originating from the R1 FACs tends to decrease during the course of the development of the ring current in the inner magnetosphere during the main phase of the two intense geomagnetic storms. This tendency suggests that the shielding electric field grows together with the development of the R2 FACs connected to the partial ring current and becomes effective during the late main phase. Therefore, from this signature of the storm time EEJ(Dis), it can be concluded that the shielding effect at the equator is determined by the competition between the magnitude of the R1 FACs and the R2 FACs. This interpretation supports the theory of Kikuchi et al. [2008] and is consistent with the observational fact that the eastward electric field is not always proportional to the solar wind electric field and the polar cap potential drop reported by Fejer et al. [2007] . But our observations clearly indicate that during the main phase of intense magnetic storms, penetration of shielding electric field to the equator lasts approximately 1 h with steady IMF Bz southward but not several hours because of the development of the overshielding effect with IMF Bz turning northward or a decrease in southward IMF Bz, which causes strong CEJ at equator. At this time, the ring current intensity is maximum and steady for 1 h, and it is a transition time for changing from the main phase to the recovery phase (Figures 2 and 4) . In the future, we need to investigate other severe magnetic storms with intensified steady ring current for several hours with simultaneous changes in penetrating electric fields and associated shielding conditions.
[16] The penetrating electric field causes significant disturbances in the low-latitude ionosphere at the daytime and nighttime sectors and modifies the F region plasma density and its layer heights during the main and recovery phases of geomagnetic storms. When the IMF Bz turns southward, the strong eastward electric fields penetrate to the equator and lead to uplift ionospheric plasma at around 10°GML across the equator, which is called a strong positive ionospheric storm. This super fountain effect also shifts the EIA crests to higher latitudes, and the region of ionospheric plasma depletion can be extended to higher than normal latitudes. During the main phase on 31 March 2001, the strong eastward electric field led to the enhancement of the EEJ around noon and caused the strong EIA enhancement and plasma depletion observed at Visakapatnam (8.34°GML) . This is consistent with model results of the super plasma fountain and its effects on EIA [Balan et al., 2009] . However, modeling studies later showed that though the eastward penetration electric field reduces electron density (Nmax) or f o F 2 (and total electron content) around the equator (through super fountain) as shown by the ionospheric data (Figures 5  and 6 ), an equatorward neutral wind is required to enhance the density at and beyond the equatorial anomaly crests. This has been shown using coupled ionosphere-thermosphere and ionosphere-plasmasphere models and confirmed by observations [e.g., Lin et al., 2005; Vijaya Lekshmi et al., 2007; Lu et al., 2008] .
Conclusions
[17] The study of two intense magnetic storms provides us with the complex electrodynamics that can be useful for the understanding of existing theories. By analyzing the geomagnetic field variations of the H component obtained from TIR and ABG, the storm time electrojet index, EEJ(Dis), in conjunction with IMF Bz strength and ionosonde measurements at equatorial latitudes, showed some outstanding features of the penetrating electric fields and their implications on the low-latitude ionosphere.
[18] 1. During the main phase of the magnetic storm, the penetration of the strong convection electric fields to the equator lasts for 2 h in the daytime sector, corresponding to the period of large polar cap potential drops. The magnitude of the equatorial ionospheric currents driven by the penetrating electric fields is very sensitive to the ionospheric conductivity (which depends on local time).
[19] 2. The time delay for the response of DP 2 currents to the development of ring current during the onset time of geomagnetic storms depends on the local time and phase of the storm.
[20] 3. The convection electric field started to decrease for an hour from the start time of the main phase in spite of the significant southward IMF Bz. This phenomenon can be interpreted in terms of the shielding electric field being effective during the late main phase associated with the growth of the partial ring current in the inner magnetosphere, which is connected to the R2 FACs.
[21] 4. During intense geomagnetic storms, the penetrating electric fields from high latitudes cause the strong EEJ and CEJ at the equator, leading to changes in F region ionospheric plasma densities like enhanced EIA during the main phase and EIA inhibition/reduction during the recovery phase, respectively. These signatures are evidently seen in EEJ(Dis).
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